Photosystem II (PSII) produces dioxygen from water in a four-stepped process, which is driven by four quanta of light and catalysed by a Mn-cluster and tyrosine Z. Oxygen is liberated during one step, coined S 3 Z S 0 . Chemical intermediates on the way from reversibly bound water to dioxygen have not yet been tracked, however, a break in the Arrhenius plot of the oxygen-evolving step has been taken as evidence for its existence.
Introduction
Photosystem II (PSII) of green plants and cyanobacteria evolves oxygen after absorption of four quanta of light.
Each step oxidises a chlorophyll a moiety, P 680 , and transfers one electron via pheophytin to a bound quinone, Q A . Q A S À reduces a second quinone, Q B . P 680 S + is reduced by the secondary donor, Y Z (Tyr161 on the D1 subunit of PSII) to yield Y Z ox , which is in turn reduced by the oxygen-evolving complex (OEC, i.e. the Mn-cluster plus ligands plus bound water). The OEC contains a tetranuclear manganese cluster. Sequential absorption of light cycles the OEC through a series of redox states, S n , where n indicates the number of stored oxidising equivalents (n = 0. . .4). S 4 spontaneously decays into S 0 resulting in the release of dioxygen from water. The dark stable resting state of the OEC is S 1 , and as a result, oxygen evolution from dark-adapted samples peaks on the third flash and subsequently every fourth flash (for reviews, see Refs. [1 -8] ).
It is generally accepted that each of three successive steps leading from S 0 to S 3 places one oxidising equivalent on the Mn-cluster plus its ligands (for a recent account on Mn versus ligand oxidation, see Ref. [9] ). Bound water is rapidly exchangeable during all states up to S 3 [10 -13] . The fourth step converts state S 3 Y Z into S 3 Y Z ox , which decays into S 0 plus dioxygen. So far, S 3 Y Z ox has been the only sizeable intermediate between [S 3 ] and [S 0 plus dioxygen]; it is the only entity presently representing the intermediate that has been coined S 4 [14, 15] . A peroxide has been postulated on the way from bound water to dioxygen [16] . Although incorporated in recent reaction schemes [8, 17, 18] , it has so far escaped detection. Structural models of PSII at 0.37 [19] and 0.38 nm [20, 21] [17,22 -27] , (ii) UV-absorption spectrophotometry [17,27 -33] , (iii) EPR-spectroscopy of Y Z S [34] , (iv) EPR-oxymetry [35 -37] , and (v) by recording pH transients (see, e.g. Refs. [17, 38] ).
Circumstantial evidence for the existence of an intermediate has been inferred from a break in the Arrhenius plot of UV-absorption transients around 360 nm. Spectroscopic measurements at 355 nm with PSII core complexes of the thermophilic cyanobacterium Synechococcus vulcanus Copeland [31] , showed a discontinuity of the activation energy (E a ), as evident from a kink (at T = 16 jC) in the Arrhenius plot. Later the same group reported a (weakly pronounced) kink at 6 jC for membrane fragments (BBY) from spinach [39] and another one at 11 jC for PSII core complexes from spinach [40] . On the basis of these kinks, Renger [8, 41] , Koike et al. [31] , Renger and Hanssum [39] , and Karge et al. [40] proposed that S 3 is a redox-isomeric state composed of two substates, S 3 (I) and S 3 (II), the latter with peroxide character (see also Ref. [18] ). Performing similar UV experiments, and using PSII core complexes from Pisum sativum, however, we did not observe any break in the linear Arrhenius plot in the temperature region from 7.9 to 30.6 jC [17] .
Another way to track down intermediates of oxygen evolution was the search for time lags in the final transition of water oxidation, S 3 Y Z ox ! S 0 Y Z . Two groups have reported such lags in kinetic studies. The lag-phase as reported in this work was longer (450 As at 20 jC) than those reported by other groups. Razeghifard and Pace [37] reported a lag shorter than 50 As under similar conditions by EPR-oxymetry which became longer (200 As) only at low pH or at high salt. Rappaport et al. [15] measured the reduction of Y Z ox at a wavelength of 295 nm and found a short lag phase with a half-time of 30 As in S 0 Y Z ox ! S 1 Y Z and 50 As in S 3 Y Z ox ! S 0 Y Z . It was noteworthy that the lag phase reported in our work here followed the electron transfer reaction, whereas the ones of the former reports preceded it.
This discrepancy between experimental results, and the need to pin down any hint for an intermediate has prompted us to reinvestigate this matter. A repeat of the UV photometric experiment on the reaction S 3 Y Z ox ! S 0 + O 2 , again yielded a perfectly straight Arrhenius plot in the now extended temperature range down to 3.9 jC (see Fig. 6 in this article). Thus we focussed on a kinetic resolution of oxygen release. Oxygen production by photosynthesis has been polarographically recorded at high time resolution by bare Pt-electrodes. To overcome the diffusion limitation of oxygen transfer to the electrode surface, oxygen-evolving material has been layered on the surface. Sinclair and Arnason [42] used a dispersive method with sinoidal modulation of continuous light, whereas Lavorel [43] applied flashing light to dark-adapted material. Both groups analysed the diffusion problem theoretically and corrected the observed polarographic transients for the effects of diffusion limitation. These sophisticated approaches were still limited, mainly for two reasons: (i) the packing distribution in the first layer, has remained an uncontrolled parameter, and (ii) the original signals were not free of artefacts (see Fig. 5 in Ref. [43] some milliseconds after the flash of light). Thus we started with an analysis of the kinetic competence of a centrifugatable oxygen electrode to proceed to the question of linear versus kinked Arrhenius behaviour of oxygen production after a flash of light.
Materials and methods
Cells of the modified ''wild-type'' (WT*) [44] and of the mutant D1 -D61N of Synechocystis sp. were cultivated as described by Ref. [45] but in an atmosphere enriched with 4% of CO 2 under illumination with (cool-white) fluorescent light at 0.8 -1.4 mW cm À 2 . The mutants were constructed in a strain of Synechocystis that lacks PSI and apcE function [46] . The medium was supplemented with 15 mM glucose. Cells were harvested by centrifugation at OD 740 = 0.9 -1.1, resuspended in buffer F (40 mM MESNaOH pH 6.35, 10 mM CaCl 2 , 10 mM MgCl 2 and 50% (v/v) glycerol) and stored at À 80 jC. The concentration of chlorophyll a was 57-76 AM (determined according to Ref. [47] ). The modified WT* is a strain of Synechocystis that lacks PSI and apcE function [46] , and contains only one psbA gene.
Oxygen-evolving membranes from Synechocystis WT* cells were prepared following Ref. [48] with some minor modifications. Cells were broken with glass beads with a diameter of 500 AM instead of 100 AM. The membrane fragments were pelleted by centrifugation at 150,000 Â g for 30 min. After the final resuspension the chl-concentration was measured and the membranes were frozen in liquid nitrogen and stored at À 80 jC. Membrane fragments from spinach (BBY) were prepared as described in Ref. [49] with modifications described in Ref. [50] .
Flash-induced release of O 2 was measured polarographically with a bare platinum electrode. Oxygen-evolving membranes were suspended at 2.7 -5.4 AM (Synechocystis membranes) or 10 AM (spinach BBY) chlorophyll in buffer HMCS-HSB1 (50 mM Hepes pH 7.2, 200 mM NaCl, and 5 mM CaCl 2 , 10 mM MgCl 2 , 1 M sucrose, 1 M glycine betaine). To increase the time resolution, aliquots of 30 Al were deposited on the electrode, and the membranes were pelleted upon the platinum electrode by centrifugation (1700 Â g, 10 min, 14 jC, Beckmann TJ6 centrifuge, swing-out rotor) in complete darkness. The cathode (Pt) was negatively polarised with À 800 mV against the anode (Ag/AgCl) and connected to a current-to-voltage amplifier (homebuilt). When a voltage step was applied directly to the amplifier, the half-rise time was about 100 As). The polarization voltage of À 800 mV was applied to the Pt-electrode 1 min before the measurements started. Polarographic transients were digitised and recorded by a Nicolet Pro30 recorder.
Kinetic measurements
After pelleting of the sample, the electrode block was thermally equilibrated for 20 min in contact with a thermostated bath (Julabo F31-C). During equilibration the sample was kept in total darkness. A single train of three flashes (Xenon-flash lamp, filter, Schott RG610, pulse width: fullwidth at half-maximum (FWHM) 10 As, 1 s between flashes) was applied to the fresh sample. The temperature was monitored in the sample with a GTH 175/molybdenum element. The analogue rise time, limited by electrode/ amplifier, was (t 1/2 = 100 As), as mentioned, and the digital address time of the averager was set at 20 As.
Oxygen pattern
Two trains of 15 flashes at intervals of 1 s were recorded at room temperature, and at lower time resolution (500 As/address). Only the transients from the second train (recorded after another 10 min of dark adaptation) were used and fitted with three Kok parameters (percentage of misses (a), double hits (h) and the distribution of S-states after dark-adaption (%S 1 )) according to Ref. [51] . The flash-dependent oxygen yield was taken from the maximal extent per flash, not from the area beneath the curve, as previously [24] . The probability for a and h was kept constant for all S-states.
For flash-spectrophotometric measurements [52] , PSII core particles were suspended in 50 mM MES pH 6.6, 1 M sucrose, 25 mM CaCl 2 , 10 mM NaCl, 1 M glycine betaine, 0.06% n-dodecyl h-D-maltoside (h-DM w/v); 200 AM DCBQ (2,5-dichloro-p-benzoquinone) was used as electron acceptor. Electron transfer from the Mn-cluster to Y Z ox was recorded at a wavelength of 360 nm under excitation with five saturating flashes (100 ms between flashes). We used repetitively dark-adapted core particles (8 -12 AM chl, 2 min dark adaptation) as detailed elsewhere [53] . The samples were excited by a Nd:YAG laser (532 nm, FWHM 6 ns). The optical pathlength was 1 cm. The time resolution was 50 As/address. Transients were digitised and recorded by a Nicolet Pro30 recorder. Spectroscopic data were fitted by standard routines of the program Origin (Microcal).
Results

Polarographic-transients at high time resolution and their correction
The oxygen evolution of membranes from the unicellular cyanobacterium Synechocystis sp. PCC6803 was measured as a function of the ambient temperature using a centrifugatable, bare platinum electrode. Dark-adaptation and thermostating for 20 min at room temperature affected neither the extent nor the rate of the polarographic transient as compared with the one obtained right after centrifugation. Even higher sample stability was expected at lower temperatures. Core complexes could be stored at room temperature in the dark for over 1 h without any decrease of the activity.
With oxygen-evolving membranes from Synechocystis, the pattern of oxygen evolution in trains of 15 flashes compared well with data from the literature [22, 23] . We determined the following Kok-parameters (after 10 min of dark adaptation): 12.3% misses (a), 3.2% double-hits (h) and a distribution over the S-states (S 0 /S 1 /S 2 /S 3 ) of 20.4/ 79.6/0/0. Fig. 1 shows data points (squares) and the fit (straight line) based on this parameter set.
Raw data of a typical polarographic transient upon the third flash in a row are displayed in Fig. 2A . The transient revealed three characteristic regions: (i) the flash artefact, (ii) the rise of the polarographic current due to the pulsed oxygen production, and (iii) the consumption of oxygen by the electrode.
(i) The flash artefact was observed even without a sample on the electrode. It was composed of (1) a negative transient (see Fig. 2B , dark) that was attributable to ''electrosmog'', it was observed even after optical shielding of the flash lamp, and (2) a positive transient, the photoelectric flash artefact [54] . This positive ''bulge'' was only observed if the light guide was connected to the electrode. The bright transient in Fig. 2B represents the superimposition of both types of artefacts. The photoelectric flash-artefact was virtually temperature-independent, its rise time was the same as found when applying an external voltage-jump to the amplifier (100 As). It was noteworthy that there was no temperaturedependence of the instrumental time resolution. Moreover, the flash artefact was independent of the flash number in a train. Identical artefacts were observed on the first and second flash with a 3-(3V,4V-dichlorophenyl)-1,1V-dimethylurea (DCMU)-inhibited sample (data not shown).
To approximate the illumination conditions of any particular sample that was layered on to the electrode, the artefact was recorded as the transient upon the first flash in a series, which according to the data shown in Fig. 1 (and according to the dark equilibrium between the S-states) did not produce oxygen. Fig. 2C shows the artefact (in grey) and the corrected polarographic transient (in black). A striking feature of the oxygen transient after correction was the clear disclosure of the lag phase (see below).
(iii) The decay of the polarographic signal was owed to the consumption of oxygen by the electrode and to diffusion of oxygen away from the electrode. The polarographic transient was deconvoluted with two exponential functions to reveal the (consumption-free) current owed oxygen production (dark transient in Fig. 2D ). The corrected extent of oxygen evolution was greater than the one of the raw transient.
(ii) The rise of the polarographic transient occurred in the time domain of 1 ms in the wild-type and of more than 10 ms in a particular mutant. It was a function of the velocity of the production of dioxygen, its release from the catalytic centre and the diffusion to and the reaction with the electrode. The intrinsic response time of the electrode/ amplifier, 100 As, thus was not limiting. The diffusion time depends on the distance between the source of oxygen and the electrode (see, e.g. Ref. [43] ), and thereby on the layering of material on its surface. We screened the dependence on the chlorophyll concentration before centrifugation of (a) the half-rise time (s 1/2 ), (b) the duration of the lag phase (t lag ), and (c) the extent of the polarographic signal. Fig. 3 shows raw polarographic transients at two chlorophyll concentrations, 5.4 and 54 AM, displayed at wide (Fig.  3A) and narrow time spread (Fig. 3B) . Broadly speaking, neither the rise time nor the lag phase were affected, whereas the decay was. The latter was expected because a thicker layer represented a greater oxygen capacity and a longer relaxation time of the oxygen pulse. We analysed 11 deconvoluted polarographic transients (see Fig. 2D , dark transient for a deconvoluted signal) that were recorded at chlorophyll concentrations ranging from 1.4 to 33 AM at a temperature of 17.6 jC. The mean values (and standard deviations) were as follows: the half-rise time t 1/2 = 1.02 ms (11%) and the lag-time t lag = 0.44 ms (14%). The amount of layered material was without significant influence on the rate of oxygen evolution. However, as expected, it severely affected the decay time of the flash-induced oxygen step by consumption at the electrode (see Fig. 3 ). Even when using the same concentration of chlorophyll in a series of seemingly identical experiments with the same batch of starting materials, the decay time of the polarographic transients varied from sample to sample, i.e. from centrifugation to centrifugation run, whereas the rise and lag time did not.
At this point, it was noteworthy that different packing of the material on the electrode neither affected the lag nor the rise of the corrected polarographic signal.
Lavorel's [43] theoretical analysis of the diffusion controlled transmission to the electrode of an infinitely sharp oxygen step from a thin layer of sources at fixed distance X predicts a time lag whose duration is proportional to the rise-and the decay-time of the polarographic transient. We checked the origin of the time lag, whether it was caused by (i) the diffusion-controlled oxygen transmission to the electrode or by (ii) the oxygen liberation from the layered source. Oxygen transients were recorded using PSII membranes from a mutant, Synechocystis D61N (data shown in Fig. 4) . At room-temperature ( c 20 jC) the half-rise time was 13.1 ms, i.e. more than 10 times longer than in WT*, but the duration of the time lag in the mutant remained the same as in WT* (0.4 ms in D61N and 0.45 ms in WT*). At 2.7 jC the rise time in WT* was 3.2 ms and the lag time increased to 1 ms. That the prolongation of the rise time in the mutant was attributable to the electron transfer itself, and not to some alteration of the diffusive supply of O 2 to the electrode, was evident from a comparison of the flashinduced UV absorption transients. They were likewise slowed down in the mutant (1.22 ms WT*, ca. 13.7 ms D61N; data not shown).
In conclusion, the time lag of the polarographic transient was not owed to the diffusion-controlled transmission of oxygen from the source to the electrode, but probably to the release of preformed, but bound/adsorbed oxygen from the protein into the medium. 
Arrhenius plots of the lag and rise of polarographic transients attributable to oxygen evolution
The temperature dependence of the lag and the rise of polarographic transients on the third flash in a row was determined in the range from À 2.1 to 31.7 jC. The lagtimes and the half-rise times were determined after deconvolution for a total of 75 samples of oxygen-evolving membranes of Synechocystis sp. PCC6803. Examples of artefact-corrected data are given in Fig. 5 . The transients are shown without deconvolution to reveal the temperature effect on the oxygen consumption by the electrode. The rise times, which are discussed in the following, however, were determined after deconvolution. The rates of the rise were determined for each sample, averaged for each temperature (typ. n = 3) and inserted into an Arrhenius plot (see dark points in Fig. 6 ). Over the temperature range from À 2.1 to 31.7 jC the points laid on a straight line yielding an activation energy of E a = 40.75 ( F 0.9) kJ/mol and a preexponential factor, A, with a log-value of ln A = 16.3 ( F 0.4). There was no evidence for any breakpoint. At 20 jC the line of best fit yielded a half-rise time for oxygen evolution of 1.1 ms. The lag-time increased with decreasing temperatures (see Fig. 5 ). The activation energy of the lag-phase was 31.1 ( F 0.9) kJ/mol (data not shown).
We repeated this series of experiments with BBY membranes from spinach in the temperature range from 0.82 to 30.8 jC. The Arrhenius plot (not shown) was again perfectly linear but revealed a different activation energy of E a = 29.8 F 0.8 kJ/mol and a preexponential factor ln A = 15.9 F 0.3. Signal amplitudes (data not shown) were much smaller than with Synechocystis membranes. In conclusion: the Arrhenius analysis of oxygen evolution gave no evidence for a temperature-dependent switching from one particular to another rate-limiting reaction.
Also represented in Fig. 6 (open circles) is the expected Arrhenius plot of a diffusion controlled reaction, whose Triangles: the rate of UV-transients at 360 nm with PSII core complexes of Synechocystis species (see Fig. 7 ). E a was 33 ( F 1) kJ/mol; ln A = 12.8 ( F 0.2). Open circles: the ''expected Arrhenius plot'' of oxygen-diffusion in water. It showed a low apparent E a of 20.7 kJ/mol. For 20 jC the line of best fit yielded a half-rise time for oxygen evolution of 1.1 ms. This was in good agreement with data from the literature, ranging from 1 to 1.5 ms, as obtained by different methods [15,17,22,23,26,28 -33,59,60] . The half-rise times were longer than the values determined by time-resolved EPR-oximetry with spinach thylakoids (0.4 [35] and 0.75 -0.85 ms at 8 -10 jC [36, 37] ). It is worth recalling that the first time-resolved measurements by EPR of the reduction of tyrosine Z was performed by Gerald T. Babcock et al. [34] (For color see online version). temperature dependence is governed by the viscosity of water (see Ref. [55] ). This yielded an apparent activation energy of only 20.7 kJ/mol, about one-half of the one which we observed for oxygen evolution (40.8 kJ/mol). Fig. 6 also shows an Arrhenius plot of UV-transients (see following section).
Arrhenius plot of the UV-transients at 360 nm which are indicative of the electron transfer into and between the Mn-cluster to Y Z
In the foregoing, we used PSII membranes for layering oxygen-evolving material on the electrode by centrifugation. The spectroscopic measurements in the UV, on the other hand, were carried out with less scattering PSII core complexes which provide much better signal-to-noise ratio. PSII core complexes of Synechocystis were dark-adapted, then excited with a series of short laser flashes, and absorption transients were recorded at a wavelength of 360 nm at different temperatures. Each of the transients which are shown in Fig. 7 represents the difference between the raw transients that were observed upon the third and the fifth flash in a row, in order to correct for acceptor side contributions at the same wavelength (for a detailed description of the correction and of the fit procedure, see Ref. [27] ). The rapid, and here unresolved jump between the dashed lines represented absorption changes due to the transition S 1 Z S 2 . The subsequent slow decay was attributable to the electron transfer from the Mn-cluster to Y Z . In Fig. 7A , it was fitted by a grey line. The half-decay times at temperatures of 3.9, 6, 12.1, and 20.6 jC, were 3.04, 2.76, 2.05 and 1.35 ms, respectively. The Arrhenius parameters of the UV-transients (slow phase) were as follows, E a = 33 ( F 1) kJ/mol, and ln A = 12.8 ( F 0.2). These rise times were of the same order of magnitude but slightly longer than those found at each temperature by oxygen polarography (see Section 4). Again, the Arrhenius plot was linear (see Fig. 6, open circles) , so that the analysis of UV-transients gave no evidence for a temperature-dependent switching from one particular to another rate-limiting reaction.
We asked whether a similar lag-phase as evident from the polarographic measurements of oxygen evolution was also present in the UV absorption transients. And if not, had it perhaps escaped detection? A superimposition of a polarographic transient at 5.5 jC and a UV absorption transient at 6 jC revealed that a lag-phase of similar extent was absent in the UV measurement during the S 3 Z S 0 transition. Such a lag-phase would have been discernible at the given noise level of the UV signal. The black bar in Fig. 7B points up the duration of the lag-phase of the polarographic transient. Apparently there was no lag phase of the electron transfer from the Mn-cluster to Y Z . It corroborated the previous attribution of the lag to the liberation of formed oxygen from the catalyst into the medium.
Comparison between different starting materials and of UV spectroscopy versus polarography
The first two rows in Table 1 show the half-rise times that were obtained in the same material, Synechocystis, when detecting dioxygen polarographically and electron transfer by UV flash photometry. At four temperatures ranging from 3.9 to 20.6 jC, the half-rise times were of similar magnitude at any temperature. The polarographically determined times were shorter rather than longer than the UV-detected ones (see Section 4). Because oxygen evolution was the second- Table 1 Comparison of the temperature-dependent half-rise times (in ms) of the Sstate transition S 3 Z S 0 from polarographic a and spectroscopic measurements ary event following the reduction of Y Z by the Mn-cluster, almost equal half-rise times proved that the polarographic signal was not diffusion-limited but presented the true rate of oxygen production. The two lower rows in Table 1 show the comparison between half-rise times of polarographic transients obtained with Synechocystis and with Spinacia membranes.
Discussion
PSII produces dioxygen in a four-stepped redox process. The primary substrate, water, is rapidly exchangeable even when the catalytic Mn-cluster has reached its penultimate oxidation state, S 3 [10 -13] . Oxygen is only liberated when the Mn-cluster resides in its third oxidation state and after the redox active tyrosine, Y Z , is oxidised again. We found that the rate of dioxygen release-it was measured polarographically with a centrifuged Pt-electrode over a wide temperature range-about equalled the rate of the electron transfer between the Mn-cluster and Y Z ox , as detected by flash photometry in the UV (see Table 1 ). Slight differences between these rates were attributable to different starting materials used in these two types of experiments (see Section 3). The broad coincidence between the rates had two aspects: (i) it proved the kinetic competence of the centrifugatable electrode, which was all but trivial, and (ii) it pointed, much to our regret, to the absence of sizable intermediates of the final catalytic step of oxygen production.
4.1.
On the kinetic competence for photosynthetic oxygen evolution of the centrifugatable, bare Pt-electrode A theory for the diffusion-limited oxygen supply from a layer of PSII membranes to a Pt-electrode has been developed by Lavorel [43] . Under certain idealising assumptions-a very rapid and stepped oxygen production by a single very thin layer at distance X from the electrode surface-this theory has yielded (i) a short lag phase, followed by (ii) the diffusion controlled rise of the amperometric signal up to (iii) a maximum, and (iv) the slower decay of this signal reflecting oxygen consumption by the electrode. Under these idealisations the characteristic (lag-, half-rise, peak-, half-decay) times were in strict proportion and related to each other as (i)/ (ii)/(iii)/(iv) = 0.218/0.436/1/3.14 [43] . Lavorel has found these proportions and validated his theory by experiments, where he deposited one oxygen-evolving layer of membranes on a variable number of several heat-inactivated ones which merely served as spacers. The same proportions, however, were not at all met by our data, and it was obvious that the theory and its simplifications did not apply to our experimental situation. Instead, there were several lines of data, showing that it did not.
The electron transfer from the Mn-cluster to Y Z is the precursor of oxygen release. The slightly shorter rise of the polarographic transient (in PSII membranes) in comparison with the rise of its precursor, the UVtransient (in PSII core particles), proved that the oxygen electrode was kinetically competent. At 20 jC the observed rise time was 1.1 ms (Synechocystis membranes), and the (temperature-independent) electrode-plus-amplifier rise time was 100 As (see Section 2) . As a consequence, the instrument itself was not rate-limiting. Centrifugation of different amounts of PSII membranes on the Pt-electrode did neither affect the time lag nor the rise of the polarographic transient, but only its decay. Oxygen-evolving centres located directly on the platinum surface were apparently ''seen'' by the electrode with almost no influence of diffusion. Oxygen emerging from centres that were farther away from the platinum-surface or sticking to inactive patches on the platinum surface had longer diffusion path. These centres increased the source strength of the sample and thereby retarded the decay of the polarographicsignal (see Fig. 3 ). We characterised two mutants with about tenfold longer electron transfer time into and between Mn and Y Z (UVtransient) and likewise tenfold longer rise-time of oxygen evolution (polarography), as detected by the same electrode (data for mutant D1 -D61A not shown).
These data showed that the electrode response was not limited by the diffusion of oxygen to the metal surface.
The rise time of oxygen evolution and its temperature dependence
At a temperature of about 20 jC we found a half-rise time of oxygen evolution of about 1 ms with slight variation between PSII membranes and solubilised core preparations and between species. Our data (see Table 2 ) were in the range of data from the literature that were obtained by [24] . b From Ref. [56] . c From Ref. [25] . d This work. e From Ref. [22] . f From Ref. [23] . g From Ref. [17] . centrifugatable oxygen electrodes (see Table 2 and Fig. 6 and references in the legend). We attributed variations of the respective half-rise times and of the activation energies to different starting materials (membranes versus core particles-bacteria versus plants) rather than primarily to different instrumentation. This is in line with results from Refs. [36, 37] , where it has been shown that detergent solubilization slows down the S 3 Z S 4 ! S 0 transition (Fig.   8 ). This was also evident from polarographic data obtained with the same instrument and different material (Table 1) . That the polarographic transient rose more rapidly than the UV transient, the latter indicative of electron transfer from the Mn-cluster and being the cause of oxygen production, left no doubt as to the kinetic competence of the electrode. We found no deviation from a linear Arrhenius plot of oxygen evolution in the temperature range from À 2 and + 32 jC. Likewise, we found no deviation from a linear Arrhenius plot of the UV-transients. Thus there was no evidence for a sequential reaction with a sizable intermediate of oxygen production, based on this approach.
Our results confirmed old polarographic data from literature, which were measured without a centrifugatable and highly time-resolving electrode and also yielded a continuous activation energy without any kink in the measured temperature region (Table 3 ). Sinclair and Arnason [42] have studied cells of the green algae Chlorella vulgaris and C. pyrenoidosa between 8 and 42 jC and determined an E a of 24.7 kJ/mol.
The time lag of oxygen evolution as evidence for a short-lived intermediate
In contrast to previous studies, we corrected for artefacts of the polarographic method, namely direct photoelectric effects of the electrode itself and electrosmog. This allowed to detect a rather short, temperature-dependent lag phase of oxygen evolution (duration c 450 As at 20 jC) both in the WT and likewise in mutants with tenfold longer rise time of oxygen liberation (up to 13 ms). This lag phase was independent of the amount of material that was spun down on the electrode, and it was absent in UV-transients (see Fig.   Fig. 8 . Comparison of Arrhenius plots of the transition S 3 Z S 4 ! S 0 (literature data and this work). For better visual comparison the preexponential factor, (a) was arbitrarily shifted. Spectroscopic transients that were reported by some authors revealed a breakpoint of the Arrhenius plots (c, d, e); however, the break-temperatures differed from each other, e.g. 6 jC (d), 11 jC (e) and 16 jC (c). Two sets of polarographic measurements (including those reported herein) did not exhibit a breakpoint (a and g), just like some UV data (line b, f). Data from a, b, this work; c, Ref. [31] ; d, Ref. [39] ; e, Ref. [40] ; f, Ref. [17] ; g, Ref. [42] (For color see online version). [57] . b From Ref. [58] . c From Ref. [42] . d This work. e From Ref. [17] . f From Ref. [31] . g From Ref. [40] . h From Ref. [39] . 7 ). The duration of the lag-phase increased with lower temperatures (see Fig. 5 and Section 3.1). Although both the half-rise time of oxygen evolution and the half-rise time of the reduction of Y Z were retarded in parallel about tenfold in the mutant in comparison to the WT*, the same lag-phase of the oxygen transient occurred in both, whereas being absent in the UV-transients. Accordingly, this lag was attributable to the formation and/or liberation of oxygen proper and not to the electron transfer from bound water to the Mn-cluster and further on to Y Z . In a sense, it was attributable to an intermediate with the same oxidation state as dioxygen and appearing only when the Mn-cluster was in its lowest oxidation state, S 0 . Whether this intermediate was of chemical interest or trivial (freshly formed but still bound oxygen) remained to be established.
